Abstract. Diffuser micropumps are commonly fabricated using the standard lithography techniques with silicon as the base material. The important components of this type of micropumps are flow-directing diffusers and a moving diaphragm. Different diffuser designs show various flow rates and pump efficiency. In this work a polymer is used as the base material instead of silicon. It is demonstrated that polymer-based micropumps can be conveniently fabricated using the laser machining technique. Moreover, because of the flexibility of polymer materials, there is great potential to improve the performance of the polymer micropumps. The fluid flow inside the diffuser polymer micropump is also calculated using computational fluid dynamics methods and the simulated results are compared with the experimental data.
Introduction
The development of microelectromechanical systems ͑MEMS͒ has been driven by the need for miniaturization and lowering the overall manufacturing cost. Lasers have been used widely as a versatile manufacturing tool for decades and recently, research has been carried out in laserbased MEMS fabrication. 1, 2 The laser fabrication technique is fast, clean, safe, and convenient compared with the photolithography process. Many traditional MEMS technologies are based on batch processes stemming from the microelectronic industry. However, one of its disadvantages is that the extensive fabrication process has to be repeated for any change of design parameters. 3 On the other hand, it is relatively easy to vary laser processing conditions for a different requirement, thus the laser technique is very suited for rapid prototyping. 4 The microfluidic system is one of the applications of MEMS, and the micropump is a crucial device in a microfluidic system. Various types of micropumps have been developed. Earlier designs of micropumps were based on passive check valves. 5, 6 When a diaphragm is actuated to supply fluid to a chamber, the inlet valve is open and the outlet valve is closed and the valve function is reversed when the diaphragm pumps the fluid to the outlet. This kind of pump has a high rectification efficiency, as defined for diffusion pumps ͑see later͒, which has a theoretical value of 1.0. However, fabrication of mechanical moving parts is complicated, and the probability of mechanical failure is high. As an alternative, valveless micropumps were proposed such as the electro-osmotic pump and the electrohydrodynamic pump for which electrokinetic phenomena are used to drive the fluid. [7] [8] [9] Normally, specific types of fluid are required for these pumps and the pumping efficiency depends on the ionic or charge level of the fluid, which limits the use of these pumps as a general purpose microfluidic device. 10 The diffuser micropump is another type of valveless pump first demonstrated by Stemme and Stemme.
11 It consists of a chamber with a diaphragm, an inlet diffuser, and an outlet diffuser, as shown in Fig. 1 . This valveless micropump has many advantages for microfluidic delivery compared with other micropumps. Most of all, its structure is quite simple. Only two diffusers and one chamber with a moving diaphragm are required to pump the fluid. The reliability of the system is also improved. Any type of fluids, liquid or gas, can be used as the working fluid. 12 The efficiency of the diffuser micropump depends on many factors such as the diffuser angle, the diffuser length, the level of roundness of the edge of the diffuser, the properties of the fluid, and the Reynolds number ͑Re͒ in the diffusers. 13 If the Reynolds number in the diffusers is too low ͑less than 100͒, the efficiency deceases. The design must be optimized within the constraint of the supplying volume by the diaphragm. Most diffuser micropumps are fabricated using silicon as the base material using wellestablished technologies derived from the semiconductor industry. Recently, polymer has been proposed as an alter- native material to replace silicon in the field of microfluidic devices including diffuser micropumps. 14, 15 The key advantages of using polymer are as follows. First, it is costeffective. Second, it has desirable material properties. Polymer is much less rigid than silicon; therefore, the diaphragm in the polymer micropump can be deflected easily which leads to improved pumping rate. Moreover, using transparent polymer materials for the pump improves optical visibility. Finally, it is easily machined using laser technology. Polymer pumps can also be reproduced with soft lithography or stamping methods. 16 In this work, laser machining of polymer is used to fabricate polymer-based diffuser micropumps. Flow rates are measured and compared with the pumps fabricated using other techniques.
Fabrication
As stated earlier, diffusers are key elements in the micropump studied in this work. A diffuser is a device that converts potential energy of a fluid into kinetic energy. 17 The performance of a diffuser micropump is normally characterized using a flow rectification efficiency , which can be calculated from the value of diffuser efficiency , which is the ratio between the pressure loss coefficient at the diverging flow direction Ϫ and the pressure loss coefficient at the converging flow direction ϩ :
where is a function of diffuser geometry, flow direction, and flow velocity because of the dependence of on these parameters. 18 Two kinds of diffusers can be designed based on the peak values of : a diffuser with a wide angle ͑60 to 80 deg͒ and a narrow angle ͑4 to 10 deg͒. Diffuser micropumps with wide angles were fabricated on silicon wafers. 18 -20 However, the rectification efficiency is not as high as that of a narrow-angle diffuser micropump due to the boundary layer separation along the diverging direction, 16 which does not occur in narrow-angle diffusers. For this reason, currently most diffuser micropumps use narrow-angle diffusers, which are shown to have a better pump efficiency. 21, 22 In this work, micropumps are designed using narrow-angle diffusers.
In addition to optimizing the geometry of the diffusers, another way to improve the efficiency of the diffuser micropump is to increase the variation of the chamber volume. Using silicon as the base material, however, there is a limit of the variation of the chamber volume due to the rigidity of silicon. On the other hand, increasing the chamber volume variation can be easily achieved by using polymer as the diaphragm material. The deflection of the polymer diaphragm, which is proportional to the pumping rate in a certain pumping frequency range, could be much higher than silicon diaphragm.
In this work, the diffusers and the chamber are fabricated in 120-m-thick Kapton films using laser ablation. Two laser machining techniques are employed: mask patterning and direct laser writing. 23 Mask patterning is very similar to photolithography except that it involves a singlestep ''dry etching.'' A laser beam passes through a mask with a prefabricated pattern and irradiates the polymer surface using an imaging lens set. This technique can be applied if the patterned mask is available and its size is smaller than the laser beam. The direct writing method is also based on the imaging technique. The difference is that a primitive laser beam with a circular shape is imaged and scanned on the polymer surface. The polymer film moves according to pre-programmed paths using computercontrolled high-precision stages. A KrF excimer laser ( ϭ248 nm) is used as a laser source to machine polymers. An optical imaging system, LightBench ͑Resonetics, Inc., Nashua, New Hampshire͒ with a three-element processing lens ( f ϭ88. Schematic diagrams of the diffuser micropump fabricated in this work is shown in Figs. 2 and 3 . It consists of two Kapton layers, a glass substrate, an acrylic housing for inlet and outlet tubing, and an electromagnetic actuator. After the diffusers and the chamber are machined on one Kapton film, a glass substrate and another Kapton film are bonded to each side. The Kapton films have an adhesive layer on one side, which is used for assembly. An acrylic housing for installing an electromagnetic actuator and tubing is bonded to the second Kapton film layer with epoxy. The width at the neck of the diffuser and the diffuser length are 45 and 2320 m, respectively. The depth of the pump components is 120 m. The angle of the diffusers is 9.8 deg, at which the diffusers show the highest rectification efficiency. The diameter of the chamber is 6 mm. Figure 4 shows the laser machined diffuser. An assembled diffuser polymer micropump with tubing is shown in Fig. 5 .
Micropump Evaluation
The micropump is actuated using an external electromagnetic actuator ͑SD0420N, Bicron Electronics Co.͒, which consists of a magnet surrounded by a solenoid coil. The force from the magnet driven by the solenoid coil is used to drive the diaphragm of the membrane. A square wave ͑2 to 6 V͒ from a function generator is applied to the actuator. Deionized ͑DI͒ water is used as the fluid (viscosity ϭ1.002 cP, densityϭ0.998 kg/m 3 at 20°C͒. The pump is first filled with DI water using a syringe. The deflection amplitude of the diaphragm as a function of actuation frequency is measured with the use of a HeNe laser and a position-sensitive detector ͑PSD͒. For this measurement, a tiny silicon piece is attached to the surface of the polymer diaphragm, as shown in Fig. 6 . The motion of the diaphragm causes the position change of the HeNe laser beam reflected from the silicon, which is detected by the PSD, and the change is proportional to the deflection of the diaphragm. The measured deflections of the diaphragm from the oscilloscope at the frequency of 1 and 12 Hz are shown in Fig. 7 . It is observed that the deflection occurs when the sign of the voltage is changed. The measured time duration of deflection is only 6 ms and the temporal shape is similar to a parabola. This short time duration is a characteristic of the actuator used in this experiment, although the function generator outputs a longer pulse ͑half the period͒, as shown in Fig. 7 . The time duration of deflection is almost constant when the frequency is below 160 Hz. The deflection magnitude in the rest of cycle is zero. The measured timedependent diaphragm deflection is used in the numerical simulation and to explain the experimental data, as discussed in the following sections. Flow rate and pumping pressure as a function of frequencies are measured to evaluate the micropump performance. The flow rate is obtained by measuring the moving distance of small trapped bubbles in the transparent inlet and outlet tubing within a given time duration. The pumping pressure is obtained by measuring the difference of the water head between the inlet tubing and outlet tubing, similar to what was described in Ref. 24 . Results of these measurements are presented later together with the results of numerical calculations.
Numerical Simulations
Numerical simulations of the fluid flow in the micropump are performed using a commercial computational fluid dynamics software FLUENT ͑FLUENT Inc., Lebanon, New Hampshire͒. The geometry of the pump is generated using a geometry modeling software GAMBIT provided with FLUENT, and is shown in Fig. 8 . The dimensions of the computational domain are exactly the same as those of the pump. Structured meshes and unstructured meshes are used for diffusers and the chamber, respectively. In the model, 44,375 hexahedral cells are generated. A moving boundary condition is applied to the upper wall of the chamber to simulate the motion of the diaphragm. Based on the measured deflection with respect to time, as shown in Fig. 9 , the movement of the diaphragm is defined as follows:
where A is the amplitude at the center of the diaphragm, is the angular velocity, and R is the radius of the diaphragm. The time step used is 5ϫ10 Ϫ5 s. A constant pressure is applied at the inlet and outlet of the diffusers as the boundary conditions.
Results
Experimental results of the deflection amplitude of the diaphragm as a function of actuating frequency are shown in Fig. 10 . The deflection amplitude is almost constant with the frequency up to a frequency of about 130 to 140 Hz, and then decreases drastically. This is due to the characteristics of the electromagnetic actuator. This deflection is within its elastic region of polymer since it can deflect about 1 or 2 mm for a diaphragm with a diameter of 6 mm. At a frequency of about 140 Hz, pulses start to overlap with each other; and at frequencies higher than 180 Hz, a drastic decrease in the amplitude of the pulses is observed.
The volumetric flow rate and the pumping pressure with respect to the frequency are shown in Figs. 11 and 12 . It is seen that the flow rate increases with the actuating frequency at low frequencies, but decreases drastically with the frequency after it reaches a maximum value due to the decrease in the deflection amplitude with the frequency, as shown in Fig. 11 . The maximum volumetric flow rate and the pumping pressure are obtained at 180 Hz and are 50 mm 3 /min and 380 Pa, respectively. At frequencies lower than 180 Hz, the volumetric flow rate increases almost linearly, which is due to the constant amplitude of the deflection of the diaphragm.
The pump rate obtained in this work is higher than some values reported in literature. 10, 24, 25 However, some researchers 12, 14, 16 reported flow rates in the range of milliliters per minute, which are obtained using a much higher pumping frequency approximately in the kilohertz range. On the other hand, it is believed that the pump rate of the polymer pump could be much improved with the use of a better actuating method. The actuating method used in this work only provides 6 m of diaphragm deflection, while the maximum deflection allowed by this type of pump should be close to the height of the chamber, which is 120 m. Large diaphragm deflections must be maintained at high frequencies as well, instead of what is shown in Fig.  10 . Continuous actuation instead of short pulses can also improve the pumping efficiency at low frequencies. Currently, alternative actuating techniques are being investigated to further increase the pump rate.
Details of the fluid flow in the pump are obtained from the numerical simulation. The computed motion of the diaphragm using Eq. ͑2͒ is shown in Fig. 13 . The net flow rates as a function of time in the first 10 ms are shown in Fig. 14 . The pumping frequency is 1 Hz. Because the inlet flow rate is higher than the outlet flow rate in the supply mode and vice versa in the pump mode, the net flow rate is always positive. The simulated flow rate can be separated into two modes: the supply mode and the pump mode. At the beginning of the cycle, the supply mode, a large pumping force that is proportional to the acceleration of the diaphragm overcomes the inertia of the fluid to increase the flow rate to a certain level. Before reaching the maximum deflection of the diaphragm, the deacceleration of the diaphragm results in a decrease of the flow rate. At about 4 ms, the minimum flow rate is reached. In the pump mode, the flow rate increases again. After the diaphragm deflection stops at 6 ms, the flow rate decreases to zero within a few milliseconds. This indicates that the actuation method used in this work is not suited to obtain a high flow rate, particularly when the actuation rate is low. Ideally, the fluid flow should be continuous ͑although not constant͒ in the entire cycle. Flow rates using other types of actuation schemes are being calculated. Figure 15 shows velocity vectors in the chamber at 6 ms in the case of an actuating frequency of 1 Hz. As expected, the high velocity vectors are obtained in the narrow necks of the diffusers ͓Fig. 15͑b͔͒. The calculated average velocity of the diffuser at the narrow neck is around 4.3 m/s, corresponding to a Reynolds number of 412. At this time, the average velocity over the cross section is the maximum. The velocity averaged over time is not calculated since during most of the time, there is no flow due to the short actuation duration ͑ϳ6 ms͒ described previously. No vortexes can be observed inside of the chamber. It is also found that the neck pressures are 10 times higher than those in other zones.
The average flow rate can be calculated by integrating the transient flow rate in the cycle and is shown in the Fig.   Fig. 13 A 3 -D view of the working pump: (a) maximum deflection of the excited diaphragm for the supply mode and (b) maximum deflection of the diaphragm for the pump mode. The motion is exaggerated 10ϫ for clarity. 16. The calculated average volume flow rate at 1 Hz is 2.67 mm 3 /min, while the experimental result at this frequency is 0.97 mm 3 /min. At other frequencies, the trend is similar except that the experimental results are higher than the numerical values by a factor of 3. A number of factors can cause this discrepancy. First, the numerical model does not consider the back pressure from the outlet and inlet reservoirs and water in the tubes. Imperfections of the lasermachined channels such as the surface roughness are also not modeled. In addition, trapping of bubbles from cavitations at high frequencies can be expected. 26 These factors all contribute negatively to the flow rate.
Conclusions
We employed the laser machining technique to fabricate valveless diffuser micropumps using polymer as the base material. The micropump showed a flow rate up to 50 mm 3 /min at a frequency of 180 Hz. At higher frequencies, the flow rate decreased and no flow could be seen above 240 Hz because of the reduced deflection of the diaphragm at high frequencies. Simulation results using FLUENT were also presented. Compared with the experimental results, the numerical simulation showed the same trend of the pumping rate as a function of actuating frequency. The simulation results will be useful for designing different actuating methods to further improve the flow rate. 
